Results

From Figure 2, it is apparent that the three structural states (ATP bound, ADP bound, and Nt-free) of LTag Hexameric Structures of Different Nt
hexamers have significant conformational differences Binding States (Figures 2A-2C ). The differences are most apparent in In order to understand the mechanism of conformational the size/shape of the central channel and the monomerchanges triggered by ATP binding and hydrolysis, we monomer interfaces in a hexamer (Figures 2A-2C ). The determined a set of high-resolution structures of LTag ATP bound form has the smallest channel opening ( ADP-BeF 3 Ϫ bound structure can be considered as the has been postulated to serve as an exit for ssDNA in a looping model (Li et al., 2003) , has similar dimensions ATP bound structure.
In the ADP bound form, the channel has an obvious in all three Nt binding states, despite the dramatic changes in the central channel openings. asymmetrical shape with approximately 17 Å and 20 Å between backbone atoms in two directions ( Figure 2B ).
The change of hexamer channel size and shape is reflected by the change of monomer-monomer interface The Nt-free structure has the widest opening, approximately 22 Å between backbone atoms ( Figure 2C) Figure S2) both the cis-monomer and its immediate neighbor and also because ADP-BeF 3 Ϫ is a ground state analog (termed the "trans-monomer"). For the interactions with of ATP, ADP-BeF 3 Ϫ will be referred to as ATP in the the cis-monomer residues (cis-residues), the triphosfollowing description.
phate rests across the P loop with the ␥-Pi and ␤-Pi Several lines of evidence suggest that the density in interacting with the Walker A residue K432 ( Figure 4C ). the Fourier difference map is ATP and not a mixture of Two threonines (T433 and T434) of the P loop also bind ATP and ADP. First, even though one asymmetric unit the triphosphate: T433 coordinates an Mg 2ϩ ion to intercontains a complete hexamer in this structure, each act with the ␥-Pi and ␤-Pi, while T434 interacts directly monomer is treated differently, and no noncrystallowith ␣-Pi. Additionally, two cis-residues outside the P graphic symmetry ( Bordering the P loop of the cis-monomer is the trans-( Figure 4E ). T433 from both the ATP and ADP bound monomer that contributes five residues that interact with structures overlap exactly, but it shifts toward the ␤-Pi the ATP phosphate and ribose. These residues, referred position in the empty state (yellow side chain) to generto as trans-residues, include tK418, tK419, tR540, tD502, ate steric clash if an ADP were bound. Compared with and tR498 ("t" for "trans-") ( Figure 5A ). Residue tR540 the ATP state (orange side chain), another residue I428 (magenta), located close to the end of the triphosphate, in the ADP state (purple) moves and rotates toward the binds ␥-Pi directly. Adjacent to tR540 is a negatively center of the P loop where phosphate locates, which charged residue tD502 (orange), which interacts with allows ADP but not ATP in the P loop. In the Nt-free tR540, possibly to stabilize the positively charged Arg structure, I428 (yellow) turns even further to sterically side chain for efficient ATP hydrolysis. Residue tD502 disallow the presence of ADP. Thus, the movement of also interacts with ␥-Pi and ␤-Pi through a water molecule. Two other residues, tK418 (pink) and tK419 I428 and T433 will both create steric clashes with the angles and orientations between D1 and D2/D3, it also affects the conformations of substructures within D2 is tD502, with the original hydrogen bond between the two maintained as they move. Residue tR498 also domain. D2 has a unique ␤ hairpin structure that protrudes into the hexameric channel ( Figures 6A and 6B) , moves by about 3.7 Å (indicated by the orange arrow in Figure 5B) . reminiscent of the six ␤ hairpins in the mtMCM central channel (Fletcher et al., 2003) . The ␤ hairpin has several In contrast to these gross movements of tR540 and tR498, only subtle changes occur for tK418 (pink side positively charged residues, and mutation of these residues abolishes helicase activity (data not shown), sugchains) and tK419 (brown side chains) in the transition from ATP state to the ADP type I state ( Figure 5B) .
gesting that these fingers are essential for DNA remodeling activity. The ⑀ amino groups of both residues rotate to point in Figure 6D ), an ‫6.6ف‬ Å move to type of ATP, ADP, or a mixture of ATP and ADP. However, the many structures of LTag hexamer determined so far II from type I ADP state (step 3 in Figure 6D) , and an ‫2.6ف‬ Å move upon ADP release (step 4 in Figure 6D) . are either completely Nt-free (in P321 and P6 space groups at 3.8 Å , data not shown) or completely occupied These movements are due to the changes in the orientations between D2/D3 and D1 as well as in the ␤ hairpin with a single type of Nt (in C2 and R3). This result is consistent with a previous kinetic study showing a 1:1 structure itself. Three of the six trans-residues responding to Nt binding (tR498, tD499, and tD502, Figure Double Fingers for ATP Hydrolysis tD502, tK418, and tK419 move toward the ATP site to interact with the ATP (Figures 5H and 5A) , pulling D2/ Some NTP-hydrolyzing systems use an arginine finger D3 of the trans-monomer closer to the cis-monomer for hydrolysis (Wittinghofer, 1998) . How the arginine is ( Figure 2E ). Because this pulling occurs only at D2/D3 positioned next to the triphosphate of ATP determines and not at the N-terminal D1, the net effect is the change whether the hydrolysis mechanism is associative or disof angle and orientation of D2/D3 relative to D1 in the sociative (Maegley et al., 1996) . If the mechanism is trans-monomer, generating closure and twist between associative, in which partial negative charge develops the N-and C-terminal domains in response to ATP bindin the ␥-Pi in the transition state, the arginine finger ing (Figures 3B and 3E) . interacts with the ␥-Pi from the end to neutralize the Similarly, hydrolysis of ATP to ADP results in further developing charges, catalyzing hydrolysis. If it is dissocrearrangement of the trans-residues at the interface. In iative, in which the developing charges concentrate on particular, from the ATP to the ADP state, the pair tR540/ the ␥-␤ oxygen, the arginine finger focuses its interactD502 moves away from the Nt phosphate (Figures 5A, tions with the ␥-␤ oxygen from the side. In this regard, 5C, and 5E), while the pair tR498/tD499 rearranges to LTag is unique in that it has two fingers (an arginine and establish direct contact with the ADP phosphate, in two a lysine finger), one positioned next to the end and the discernable steps (type I and type II states). Also in other to the side of the triphosphate ( Figure 5A ). This two steps, tK418 first breaks the bonds with the Nt distribution of the arginine and lysine fingers may sugphosphate through a subtle conformational change (Figgest a nating the apical water, and (2) they provide mechanical leverage for conformational changes by sensing the Conformation Change via trans-Effect presence and coordinating the binding of ATP and ADP. The trans-residues that interact with the Nt bound to the Residues tR540 and tR498 each bond with a negatively cis-monomer undergo large structural rearrangement in charged residue (tR540 with tD502, tR498 with tD499), response to ATP binding, hydrolysis, and ADP release. and the paired residues always move in concert during It is the structural arrangement of these trans-residues the conformational changes in response to ATP binding that leads to an overall orientation change between doand hydrolysis, suggesting that these two negatively mains of the trans-monomer (trans-effect). When ATP charged residues may also play an important role in helicase function. binds to the cis-monomer, the trans-residues tR540, (E) The sensor and lever roles of the trans-residues. Residues tR498, tD499, and tD502 are located at the base (N-terminal end) of the ␤ hairpin. Residues tK418, tK419, and tR540 are at one end of ␤ strands S1 and S5 that uses the other ends to interact with an Nt in the next interface. (F) The mechanical connection between two adjacent Nt binding sites through strands S1 and S5. The four trans-residues (tK418, tK419, tR495, and tR540) interacting with the Nt are drawn. These trans-residues not only sense the presence of Nt through direct contact but also provide a mechanical leverage for changing the conformations of the trans-monomer in response to ATP binding, hydrolysis, and ADP release. Figure 7) . First, an alternative conknown hexameric machines. Furthermore, the conformational changes of LTag provide a mechanism for couformation is proposed for the ssDNA loops coming out from the double hexamer, i.e., each end of a ssDNA loop pling the energy of ATP binding and hydrolysis to DNA translocation and unwinding in DNA replication. Mechaexiting through a side channel of a helicase domain on both ends of the double hexamer ( Figure 7A ). Second, nisms described here for LTag may be applicable to some other hexameric molecular machines, including during bidirectional fork unwinding, the movement of the ␤ hairpins in the central channel is coupled to the helicases and AAA ϩ proteins. translocation of dsDNA into the double hexamer for unwinding (Figures 7B-7E ). In the Nt-free state, the ␤ hairExperimental Procedures pin structure is in a "relaxed" state ( Figures 7A and 7B ).
Protein Expression, Purification, and Crystallization
When LTag binds ATP, the ␤ hairpins move toward the LTag251-627 was produced using E. coli expression system as N-terminal D1 (the center of the double hexamer) by previously described (Li et al., 2003) . Briefly, the protein was exabout 17 Å (Figures 7C and 6C 
